In this paper, we discuss the effect sewage sludge (SS) application has on the contamination of polycyclic aromatic hydrocarbons in fertilized soils and groundwater. Morver, the contents of these compounds in plant biomass was analyzed. For six months, composted sewage sludge was introduced into sandy soil. The research was conducted under lysimetric experiment conditions with the possibility of collecting soil leachate in natural conditions. The following doses of sewage sludge were used: 0, 10, 20, 30, and 40 t/ha calculated per experimental object containing 10 kg of sandy soil. The examinations were carried out within a three-year time frame. Dactylis glomerata grass was grown on the fertilized soils. Every year, the content of polycyclic aromatic hydrocarbons (PAHs) was collected from fertilized objects and analyzed in soil leachate, which can contaminate surface water. The following six polycylic aromatic hydrocarbons defined by Polish standards were determined: benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, dibenz(a,h)anthracene, and benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene. Further, the content of PAHs in soils and the bioaccumulation of these compounds in cultivated plants were evaluated after each year. The results of the study showed that the increase in the dose of sewage sludge used for soil fertilization led to the rise in the amount of polycyclic aromatic hydrocarbons analyzed in the soil. The compounds migrated to cultivated plants. This phenomenon was observed especially in the first year following soil fertilization with sewage sludge. Excessive accumulation of PAHs (especially benzo(a)pyrene) was observed in plant biomass in the first year of a lysimetric experiment after sewage sludge fertilization with doses greater than 10 t/ha. The increase in bioaccumulation of this compound in plant biomass compared to control objects was 138%, 288%, and 505% after application of 20, 30, and 40 t/ha, respectively. Fertilization with sewage sludge did not cause contamination with PAHs in water leachates from the soils.
Introduction
One sewage sludge (SS) disposal method based on fertilization capacity of sludge is its application in agriculture and forestry. The precondition for such use is permissible contents of heavy metals and sanitary contamination that meet the recommendations. The danger associated with the use of these wastes as fertilizer materials is related to their frequent chemical and biological pollution [1] [2] [3] . Sludge used for soil fertilization might cause migration of polycyclic aromatic hydrocarbons, which cause contamination of soil, groundwater, and plant biomass. Numerous scientific reports have indicated sewage sludge as a source of PAHs in the soil environment [4] [5] [6] [7] .
Polycyclic aromatic hydrocarbons are numbered among so-called persistent organic pollutants. They are characterized by high toxicity, very high durability, and the ability to accumulate in the soil environment. Among PAHs, strong carcinogenic and mutagenic properties are observed in benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, indeno(1,2,3-cd)pyrene, dibenzo(a,h)anthracene, and benzo(g,h,i)perylene. The greatest threat to the environment, including soil and surface waters, are compounds with high molecular mass, with five or more aromatic rings. This is due to their much slower degradation in the environment and accumulation in soils and sludge [8, 9] . According to the literature, about 95% of polycyclic aromatic hydrocarbons are removed [10] during wastewater treatment processes. The content of polycyclic aromatic hydrocarbons is considerably reduced during thermal processing at higher temperatures and during the composting process [9] . Some authors have emphasized that an increase in temperature during composting will limit the development of microorganisms that degrade PAHs to less hazardous forms. This was demonstrated in studies that analyzed the effect of the fungus Trametes versicolor on the processes of treatment of aromatic hydrocarbons during composting conditions [11] . Other authors [12] demonstrated the important role of Luteimonas, Glutamicibacter, Alcanivorax, Dechloromonas, Ferribacterium, Truepera, and Sphingobacterium in the degradation of PAHs in sewage sludge from industrial wastewater during composting.
However, some authors have reported that anaerobic degradation of sewage sludge does not cause considerable changes in polycyclic aromatic hydrocarbons levels [13] . Furthermore, some studies found an increase in the content of these organic compounds after the fermentation process [14] . This phenomenon has been explained as a possible biotransformation of organic compounds by active microorganisms in the processes of sewage sludge processing. Similarly differentiated results were obtained by Boruszko [15] , who documented both a decrease and an increase in the contents of PAHs in dairy sewage sludge following fermentation. Boruszko emphasized an important role of microorganism activity in the transformation and decomposition of polycyclic aromatic hydrocarbons. Further, his research demonstrated the substantial effect of EMs (effective microorganisms). Other authors have also emphasized the positive effect of microorganisms in the treatment of PAHs in the environment [7] .
The use of sewage sludge for agricultural purposes, including soil fertilization, may contribute to the contamination of groundwater in fertilized areas. Opinions on the mobility of polycyclic aromatic hydrocarbons in the soil environment are divided. However, polycyclic aromatic hydrocarbons are mostly considered to be quite mobile in the environment, especially in soils with a low content of organic matter, which can accumulate and temporarily immobilize these compounds. Therefore, there is a real risk of contamination of soils, subsurface waters, and even cultivated plant biomass. One of the methods limiting the risk of polycyclic aromatic hydrocarbons migration in soil after the use of sewage sludge in agriculture may be the application of biochar with sludge [16, 17] . Past studies have demonstrated that this fertilization method reduces mobility of polycyclic hydrocarbons in the soil and facilitates gradual decomposition. The greatest properties limiting the toxicity of PAHs from sewage sludge used in the soil environment were found for biochar produced at 600 • C.
In Poland, polycyclic aromatic hydrocarbons content is not a legal limit used for choosing a method of sewage sludge disposal. However, the European Commission has proposed to amend Directive 1986/278/EEC to include a permissible value for the total of 11 PAHs, including acenaphthene, phenanthrene, fluorene, fluoranthene, pyrene, benzo(b)fluoranthene, benzo(j)fluoranthene, benzo(k) fluoranthene, benzo(a)pyrene, and benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene in 6 mg/kg of sludge [18] .
The main aim of the research was to analyze the migration of polycyclic aromatic hydrocarbons from sewage sludge to the soil fertilized with the sludge. Migration of PAHs to groundwater and bioaccumulation in the biomass of cultivated plants (Dactylis glomerata) were also examined.
Materials and Methods
Over a three-year period (May 2015 to September 2017), we researched the migration of polycyclic aromatic hydrocarbons from sewage sludge to the fertilized soil, followed by the migration of leachates to groundwater. This research was conducted using the lysimetric experiment in a foil tunnel. Loamy soil was used in the experiment and oncentration of heavy metals in the soils was determined according to the recommendations [19] . Table 1 presents the below permissible levels of these elements in soils qualified for fertilization with sewage sludge. The contents of heavy metals in sewage sludge made it possible to use the sludge for agricultural purposes [20] .
In the lysimetric experiment, we used sewage sludge from medium-size wastewater treatment plant for fertilization purposes. The sludge was obtained from biological sewage treatment using the activated sludge method, followed by aerobic stabilization.
The experiment was conducted in polyethylene lysimeters with a capacity of 10 kg adapted to leachate sampling. The lysimeters were filled with sandy soil (marked "S" in the tables) and fertilized with sewage sludge (SS). The objects were fertilized with doses calculated per lysimeter so that they corresponded to the contents of 10, 20, 30, and 40 t/ha. Moreover, the experimental design included control objects with non-fertilized soil (marked "C" in the tables). The soils prepared as above were sown with Dactylis glomerata grass. This species was chosen for research since the plant is fast-growing and produces an extensive root system. Its clumps grow strongly and outcompete other species, and it is insensitive to drought and cold. Furthermore, the species ensures a high biomass yield. It is also often used for plant toxicological studies to assess soil quality, as it accumulates various types of contaminants.
The lysimetric experiment did not use mineral fertilization. The humidity in all objects was maintained at a 60% level of maximum water capacity via watering. Leachate collected from research objects was analyzed once a year after the end of the growing season for leaching polycyclic aromatic hydrocarbons from soil mixtures. The analyses were repeated in the second and third years of the experiments.
Soil and sewage sludge samples were initially dried at room temperature and sieved through a sieve with a 2 mm mesh. They were then dried at 105 • C to a constant mass and ground in a mortar. Next, they were sieved again through a sieve with a mesh diameter of 1.0 mm. Three samples were prepared for analysis. The following determinations were made: organic substance, pH in H 2 O, organic carbon, total nitrogen, available P, K, and M, according to the methodology recommended in Poland [19] [20] [21] .
The total contents of heavy metals in soil and SS were also determined: copper, lead, cadmium, zinc, nickel, chromium, and mercury. Aqua regia (a mixture of concentrated hydrochloric and nitric acids at a volumetric ratio of 3:1) was used to extract the metals. Mineralization was conducted at 180 • C for 30 min, using a high-pressure microwave mineralizer MWS-2 (BERGHOF Products and Intruments GmbH, Eningen, Germany). The contents of heavy metals were evaluated using an optical emission specrometer with a plasma excitation SPECTRO ARCOS FHX22 (SPECTRO Analytical Instruments GmbH, Kleve, Germany).
After the end of each year, we studied the polycyclic aromatic hydrocarbons content in soils (taken from lysimeters from a depth of 25 cm) and in plant biomass.
Air-dry samples of sewage sludge, soil, and plant biomass (dried at 20 • C) were milled and pre-sieved through a sieve with 1 mm mesh. The preliminary stage before chromatographic determination of PAHs in sewage sludge, soil, and plant biomass was to extract it with organic solvents of various polarity. Separation of the organic matrix was performed by means of sonolysis using a mixture of solvents: cyclohexane and dichloromethane (5:1 v/v). Separation of solvent extracts from the sample was conducted using a high-speed centrifuge MPW M-SCIENCE (MPW MED. INSTRUMENTS, Warszawa, Poland). A silica gel was used to isolate analytes from extracts from simultaneously extracted organic substances. The treatments were conducted under vacuum conditions. Purified extracts were concentrated in a nitrogen stream. The determinations were performed using a gas chromatograph coupled with a mass spectrometer-model GC800/MS800 (Fisons, Ringoes, NJ, USA). In the research, 16 polycyclic aromatic hydrocarbons indicated in the Environmental Protection Agency (EPA) list were determined for environmental analyses. These included: naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, dibenzo(ah)anthracene, and benzo(ghi)perylene and indeno(123cd)pyrene.
In sewage sludge, we calculated a 11 polycyclic aromatic hydrocarbons [18] to evaluate their properties and usefulness for fertilization. In the soils fertilized with SS, 10 PAHs [21] were analyzed. Lastly, six PAHs were determined from the leachates in lysimeters [22] . The correlation coefficient between the six PAHs in the soil leachates and the compounds in plant biomass (D. glomerata) were calculated based on the research results. Further, the correlation coefficients between the migration of the six analyzed PAHs, the leachate from soil, and the duration of the research were calculated. The correlation between the dose of sewage sludge and migration of PAHs from leachates to plant biomass was also analyzed. All tests were carried out with three repetitions. The results are represented by arithmetic mean.
Results and Discussion
The physical and chemical characteristics of the materials used in the examinations are presented in Tables 1 and 2 . Tables 3-5 present the results of the PAH contents in soil mixtures fertilized with sewage sludge, leachate from these soils, and plant biomass from D. glomerata. Benzo(g,h,i) The pH (Table 1 ) value in the soil used in the lysimetric experiment was 6.4 and according to the fertilization recommendations [16] exhibited a poor acid reaction. According to the Institute of Soil Science and Plant Cultivation (IUNG) guidelines used to evaluate the degree of contamination of soils with heavy metals in the sandy soil used for fertilization in the lysimeter experiment, the contents of other standard metals such as zinc, lead, copper, cadmium, and nickel can be defined as natural content (0 degree of soil contamination) [21, 23] . Concentration of heavy metals in the soils were below permissible levels recommended for fertilization with sewage sludge [20] .
The amount of organic matter in the soil used for fertilization was 0.8% dry mass (d.m.). Fertile soils with a large amount of organic matter are those containing 3% d.m. On average, in soils for cultivation in Poland, the amount of this component ranges between 1 and 5%. The amount of organic carbon in the studied soil was 9.65 g·kg −1 d.m., indicating a low humus content. The determined amounts of other soil components, including biogenic compounds (e.g., N, P, K, Mg) also indicated low soil abundance [19] . Hydrolytic acidity (H h ) in sandy soil used subsequently for sewage sludge fertilization was 2.6 [me/100 g]. This parameter indicated a high degree of potential acidity. In light arable soils (with a small capacity of a sorption complex), hydrolytic acidity values usually range from 1 to 3 milliequivalents (me) per 100 g of soil [19] . Hydrolytic acidity is an indicator of the degree of saturation of a sorption complex with hydrogen and aluminum ions. It is used to determine the amount of lime added to the soil for deacidification purposes.
Sewage sludge used for soil fertilization was characterized by a large amount of organic matter, 47% of dry matter, and alkaline reaction (pH 8.2). The contents of heavy metals in sewage sludge made it possible to use the sludge for agricultural purposes ( Table 1 ). The permissible quantities of heavy metals for such use are as follows: cadmium: 20 mg/kg; copper: 1000 mg/kg; nickel: 300 mg/kg; lead: 750 mg/kg; zinc: 2500 mg/kg; mercury: 16 mg/kg; and chromium: 500 mg/kg of dry matter of sludge [20] .
The contents of polycyclic aromatic hydrocarbons in soil and sewage sludge used for fertilization studies are presented in Table 2 . Polycyclic aromatic hydrocarbons content does not have a legal limit in Poland with regard to sewage sludge disposal methods. According to current European Union (EU) standards [18] , 11 PAHs (marked with an asterisk in Table 2 ) in sludge intended for fertilization purposes must not exceed 6 mg·kg −1 d.m. The results presented in Table 2 show that for the sewage sludge used in this study, the recommended standard was slightly exceeded (by 14%) and amounted to 6.9 mg·kg −1 d.m. The permissible total of 10 polycyclic aromatic hydrocarbons in the fertilized sandy soil was much greater than 1.4 mg·kg −1 , according to the recommendations [21] .
Analysis of the 10 polycyclic aromatic hydrocarbons (Table 3) in the experimental objects showed that one year after the fertilization with sewage sludge, the soil was not excessively contaminated with these compounds. Despite a significant increase in the content of aromatic hydrocarbons in soils fertilized by sludge compared to control facilities, the soils did not show excessive pollution, which indicates contamination with polycyclic aromatic hydrocarbons. Compared to the standards recommended in Poland for soil quality [21] , the contents of 10 polycyclic aromatic hydrocarbons in objects fertilized with sewage sludge (even for the highest doses) did not exceed the permissible content of 1.4 mg/kg −1 d.m. for this type of soil, which was cultivated at the depth of sampling up to 25 cm. The permissible values for naphthalene, dibenzo(a,h)anthracene, benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, and benzo(k)fluoranthene were 0.1 mg/kg d.m. of soil for each of them and were not exceeded for any fertiliser combination. Furthermore, 0.2 mg/kg d.m. of soil is permissible for anthracene, chrysene, benzo(g,h,i)perylene, and indeno(1,2,3-cd)pyrene. Additionally, in the case of these compounds, the recommended standards were not exceeded. It was found that sandy soil doses of sewage sludge used for fertilization (10, 20, 30 , and 40 t/ha), which are recommended for the use in agriculture in Poland [20] , did not cause contamination of soils with PAHs.
Oleszczuk obtained similar results [8] . This researcher emphasized that sewage sludge doses smaller than 75 t/ha can be used without the risk of soil contamination with PAHs. Furthermore, he found that fertilization with doses above 150 t/ha may already represent a real hazard to the soil environment due to excessive accumulation and migration of aromatic hydrocarbons.
Analysis of the 16 polycyclic aromatic hydrocarbons proposed by the IUNG to determine the degree of soil contamination with PAH showed no contamination of the soils studied with these compounds. The proposed standard for non-contaminated soils is <200 µg/kg d.m. The PAHs between 200-600 µg/kg d.m. contained in the recommendations indicated insignificant (trace) contamination. The PAHs in the contaminated soils ranged from 600 to 1000 µg/kg d.m. PAH contamination can be considered serious when the evaluated total of these compounds in soils is greater than 1000 µg/kg d.m. [24] .
Wołłejko et al. [25] studied the effect of sewage sludge fertilization at doses of 75 and 150 t/ha on the content of polycyclic aromatic hydrocarbons in soils. The research failed to demonstrate the effect of sewage sludge application on the 16 PAHs evaluated in the soil during the first year after application. Among the 16 PAHs studied, benzo(a)pyrene was the most dominant in the soil samples. In the present study, the dominant compound was naphthalene.
The results presented in Table 4 concern the analysis of polycyclic aromatic hydrocarbons content in the leachate from soils fertilized with sewage sludge. Leachates obtained from control soils that were not fertilized according to the classification [22] contained 6 PAHs of 0.00004, 0.00002, and 0.000006 mg/L in the first, second, and third years of the experiment, respectively. These values are similar to waters in the range of characteristic concentrations (geochemical background).
A high positive correlation coefficient between the decrease in migration of the six analyzed polycyclic aromatic hydrocarbons to soil waters and the duration of the experiment were found based on the results (Table 4 ). In the second year of the experiment, the calculated degree of correlation between these parameters was 0.96, whereas in the third year of the experiment, this was 0.96. The values of 0.9 to 1.0 should be considered a full correlation. The highest migration of PAHs from soil fertilized with sewage sludge to soil leachates was observed in the first year after fertilization.
Fertilization of soil with sewage sludge resulted in a pollution increase in infiltrating waters with aromatic hydrocarbons. In the first year after fertilization, the soil leachates contained 0.00005, 0.00006, 0.00008, and 0.0001 mg/L in the six PAHs after fertilization, with the doses of 10, 20, 30, and 40 t/ha, respectively. The highest increase of the six PAHs was caused by fertilization with sewage sludge at a dose of 40 t/ha in the first year of the experiment. However, despite the contamination increase in infiltrating waters with polycyclic aromatic hydrocarbons, especially when compared to leachates from control soils, these values did not confirm the contamination of these waters. After applying the highest dose of sewage sludge introduced into soils for fertilizing purposes, infiltrating waters could be classified as early as the first year of the experiment as a class 1 underground water (in Poland) and characterized as very high-quality waters, which does not indicate an impact of human activity. In other leachates from experimental objects, the polycyclic aromatic hydrocarbons content was within the range of hydrogeochemical background values. In the second and third year of the experiment, the content of PAHs determined in leachates was close to the values determined in the control soils. However, some authors found that PAHs may quickly migrate into the soil profile shortly after sewage sludge fertilization (especially when used at high drainage doses), posing a hazard to groundwater [26] .
In the lysimetric experiment, bioaccumulation of 16 harmful polycyclic aromatic hydrocarbons in the biomass from D. glomerata were also analyzed. The results (Table 5) indicated a low accumulation of these compounds in plants during the second and third year after sewage sludge fertilization. Analysis of the bioaccumulation of polycyclic aromatic hydrocarbons in D. glomerata biomass (Table 5) found that the plant studied, despite the presence of these compounds in leachate in the second and third year of the experiment, did not accumulate excessive amounts of these compounds in tissues. The quantities of these compounds in plants were below the detection thresholds of the analytical devices used in the study. The correlation coefficient between the six PAHs in leachates and the compounds of the plant biomass calculated based on the research results was 0.21. No significant correlation was found between the amount of polycyclic aromatic hydrocarbons in soil leachates and their accumulation in plants. This phenomenon may be related to the individual reaction of the plants studied or the impossibility of collecting these compounds and leaching them deep into the soil profile.
Furthermore, analysis of the data presented in Table 5 revealed a high mobility and a large increase in the accumulation of selected polycyclic aromatic hydrocarbons in the biomass from D. glomerata in the first year after fertilization.
A positive correlation was also found between the applied sewage sludge dose and the migration of PAHs from leachates to D. glomerata biomass. The highest bioaccumulation was found after the application of sewage sludge with doses of 40 t/ha (in the first year of the experiment). The correlation coefficient between these factors was 0.89, which indicates a high correlation. Doses of 20, 30, and 40 t/ha of sewage sludge led to a significant increase in the content of benzo(a)pyrene in plants above the values considered safe in food and feed, which is particularly hazardous due to its carcinogenic effect. These doses increased the amount of benzo(a)pyrene in the D. glomerata biomass by 138%, 288%, and 505%, respectively, compared to non-fertilized objects. The 16 aromatic hydrocarbons accumulated in biomass, especially in the first year after fertilization with sewage sludge, rose significantly, with a dose increase of 20%, 158%, 537%, and 776% after dose applications of 10, 20, 30, and 40 t/ha, respectively, compared to control objects. Similarly, Cai et al. [5] planted Raphanus dativus on soils fertilized with sewage and confirmed a high accumulation of PAHs in plants one year after being fertilized with sewage sludge. In the second and third year of the lysimetric experiment, the content of accumulated PAHs, including benzo(a)pyrene, decreased to the level of content in plants from control objects or was at a very low level, i.e., below the detection threshold. Kipopoulou et al. [27] found that even eight to nine years after sewage sludge fertilization, biomass yields may accumulate excessive amounts of PAHs. Moreover, Kipopoulou et al. analyzed the bioconcentration of PAHs in vegetables (maize) fertilized with sewage, finding that migration and accumulation of PAHs in plants depends on the plant species. Additionally, researchers observed that most of the polycyclic aromatic hydrocarbons were accumulated in the tissues of above-ground shoots. The research emphasized the role of soil type in the migration of PAHs to the environment, including plant biomass. The migration of pollutants (e.g., polycyclic aromatic hydrocarbons) in the soil is influenced by the soil type, soil pH, and organic matter. The products of its decomposition affect the properties of the soil sorption complex. If it is extended, the buffering properties of the soil do not allow for a rapid migration of PAHs.
There are no uniform EU regulations regarding the maximum permissible levels of these hydrocarbons in foodstuffs and animal feed. In most countries, the maximum permissible content of benzo(a)pyrene (considered to be one of the most carcinogenic hydrocarbons) in smoked food is 1 µg/kg. With benzo(a)pyrene adopted as a marker of occurrence and carcinogenic effects of PAHs in food, the EU introduced standards for benzo(a) pyrene content in certain foodstuffs in 2005 [28] . According to the latest studies [29] , the amount of benzo(a)pyrene in cereal-based products used for food purposes must not exceed 1 µg per kilogram of product. The D. glomerata used in this experiment accumulated benzo(a)pyrene in amounts exceeding the standards for fodder and foods only in the first year after fertilization with sewage sludge, having doses higher than 10 t/ha. The increase in bioaccumulation in the D. glomerata biomass from soils after fertilization with sewage sludge in doses of 20, 30, and 40 t/ha was 138%, 288%, and 505%, respectively, compared to the control plants. In the second and third years after fertilization with sewage sludge, no increased accumulation of this compound was found in plants.
Some authors [17, 30] have demonstrated that the addition of biochar to sewage sludge used for soil fertilization reduces the bioavailability of polycyclic aromatic hydrocarbons to plants and soil mobility.
Conclusions

1.
We observed an increase of 10 polycyclic aromatic hydrocarbons in soils after fertilizing doses of sewage sludge. The content of these compounds determined in the experimental objects was within the range characteristic for clean soils.
2.
Excessive accumulation of PAHs (especially benzo(a)pyrene) was observed in plant biomass in the first year of a lysimetric experiment after sewage sludge fertilization at doses greater than 10 t/ha. The increase in bioaccumulation of this compound in plant biomass compared to the control objects was 138%, 288%, and 505% after application of 20, 30, and 40 t/ha, respectively. These values were indicative of significant biomass contamination with D. glomerata benzo(a)pyrene.
3.
Fertilization with sewage sludge did not cause contamination with PAHs in water leachates from the soils examined for any doses. If this water continues to infiltrate the soil profile, there is no doubt that the quality of groundwater will be deteriorated.
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